This study attempts to reliably quantify the seismic response parameters of the steel diagrid structural systems. In that regard, in addition to the conventional static pushover analysis (SPA), the dynamic pushover analysis (DPA) based on the incremental dynamic analysis (IDA) technique is also considered. FEMA P-695 recommends a methodology for establishing seismic performance factors (SPFs). The present study tries to propose a simpler framework for estimating and validating SPFs while applying the concepts of FEMA P-695 guideline. The results show that the R-factors obtained with the SPA procedure for steel diagrid systems are conservative and the IDA-based probabilistic method gives a more rational value for the R coefficient. Furthermore, the proposed simplified method has good agreement with FEMA P-695 in predicting the collapse capacity of diagrid models.
Introduction
Today, the diagrids are among the common structural systems considered for high-rise buildings. These systems consist of the diagonal grids on the perimeter of the buildings that makes them stable even in the absence of columns [1] . Previous studies have focused on developing design criteria for diagrid structures from the stiffness and strength point of views [2, 3, 4] . Other studies investigated the ultimate capacity and performance of these structures under lateral loading [1, 5, 6] . The effect of the angle of the diagonal elements on the lateral load carrying capability of the diagrid structures was examined in references [7] [8] . The results show that the diagrids have high stiffness and low ductility. These characteristics can lead to the development of larger seismic loads in comparison to a tubular structure with the same properties.
Thus, further investigation on the seismic behavior of this structural system is necessary. The seismic performance factors (SPFs), i.e., the over-strength, the ductility, and the response modification factors (R factor), are appropriate indicators for describing the seismic behavior of structural systems. However, the SPFs for diagrid systems are not yet explicitly introduced in the existing building codes and few studies have been conducted on the assessment of these parameters. Based on the research carried out by Baker et al. [9] , the response modification factor was determined to be 3.64 for a particular diagrid structure using the Perform 3-D program [10] . In their study, the post-buckling behavior of diagonal members in compression was discarded. In addition, static pushover analysis (SPA) was performed to calculate the initial R-factor.
The SPA has also been used to determine the seismic performance factors of other structural systems [11, 12, 13] due to its simplicity. However, the results obtained from SPA are strongly dependent on the employed lateral load pattern. Hence, in recent years many studies have been carried out to propose efficient load patterns for SPA [14, 15, 16] . On the other hand, the results obtained from the nonlinear dynamic analyses are closer to the actual behavior of the structures in comparison to the SPA, especially in high-rise buildings.
Nevertheless, there are major concerns regarding the dependency of these responses on the frequency content of the selected earthquake records (i.e., the uncertainty in responses).
Therefore, reliable evaluation of collapse capacity, seismic safety and performance of structures is a major challenge in earthquake engineering [17] .
Several studies have been carried out to compare the nonlinear static and dynamic analyses for some structural systems [18, 19, 20, 21] . Based on the results gathered from these studies, the damage patterns and failure mechanisms obtained from the static and dynamic analyses do not demonstrate an acceptable agreement. Thus, these two methods could produce different results, particularly in the case of structures with severe damages. So, it is necessary to use both the nonlinear static and dynamic analyses to accurately determine the seismic response parameters of the buildings.
The purpose of this study is to present a new framework for reliable evaluation of the seismic performance factors and collapse assessment of steel diagrid systems. The proposed procedure which is based on the concepts described in the FEMA P-695 [22] , uses both the static and dynamic pushover analyses (SPA and DPA methods) for estimating the initial Rfactor. In this research, nonlinear analyses are carried out using the OpenSees [23] program and the post-buckling behavior of diagonal members in compression is considered in their modeling.
Seismic performance factors
R factors are used in current building design codes to estimate the strength and deformation demands of the seismic-force-resisting structural systems that are designed using linear methods while responding in the nonlinear range [22] . In order to calculate the seismic performance factors (SPFs), the structural capacity curve (base shear versus roof displacement curve) is replaced by a bilinear curve based on the equivalence in the energy absorption capacity as defined in ASCE 41-13 [24] . According to the idealized pushover curve in Fig. 1 , the seismic performance coefficients are defined as follows [25] :
where R is the response modification factor, and V y , V d and V e represent the yield strength, the design shear force and the elastic shear strength of the structure, respectively. The parameter 0  represents the over-strength factor, R μ is the ductility related reduction factor and R r is the redundancy factor that is assumed to be 1.0 for diagrid structures due to having multiple bays in each direction to resist the lateral loadings. μ is the ductility factor of the system, Δ max is the roof displacement corresponding to the maximum base shear or target displacement, and Δ y is the yield displacement of the system.
Performance evaluation in FEMA P-695
In FEMA P-695, the structural models are divided into two performance groups as archetypes with s TT  and s TT  in which T is the fundamental period of structure and T s is the transition period (period between the constant acceleration and constant velocity regions of the design spectrum). The nonlinear static and incremental dynamic analyses are then performed on the models. The lateral load pattern used in the static nonlinear analysis is proportional to the fundamental mode shape of the archetype model. The 44 far-field ground motion records provided in Table A -4A of FEMA P-695 are utilized for the IDA. The performance evaluation steps are as follows [26] :
1-The collapse probability is calculated using the collapse margin ratio (CMR) defined as:
where CT S is the median collapse capacity computed from the nonlinear dynamic analysis and S MT is the MCE ground motion spectral demand.
2-
The adjusted collapse margin ratio (ACMR) is calculated by multiplying CMR and a spectral shape factor, SSF.
The SSF, which is a function of the fundamental period (T), the period-based ductility (
) and the applicable seismic design category is determined using Table 7 -1 of FEMA P-695. In computing the period-based ductility, δ u is the ultimate roof displacement which is defined as the roof displacement corresponding to 0.8V max , where V max is the maximum shear force of the fully-yielded system and δ y,eff is the effective yield roof displacement which is defined as:
where W is the building weight, g is the gravity acceleration, T is the fundamental period of the structural model as determined by Eq. 5-5 of FEMA P-695 and T 1 is the fundamental period of the structure calculated using the modal analysis. The coefficient C 0 relates the fundamental mode displacement to roof displacement and can be estimated as the following:
In which m i is the mass at story level i, 1,i  ( 1,r  ) is the ordinate of the fundamental mode at story level i (r represents roof), and N is the number of stories. Figure 2 depicts the maximum base shear force, the yield and ultimate state in FEMA P-695 methodology.
3-
The acceptable values of adjusted collapse margin ratio (ACMR) of the system are estimated. These values are denoted by ACMR 10% and ACMR 20% for each performance group and individual archetypes, respectively. The subscript 10% and 20% refer to the probability limit of collapse due to MCE ground motions. Values of ACMR 10% and ACMR 20% are determined based on total system collapse uncertainty (β TOT ) from (6) where β DR , β TD and β MDL are rated as: Superior: β = 0.10, Good: β = 0.20, Fair: β = 0.35 and Poor: β = 0.50. β RTR is defined as follows:
β RTR must be greater than or equal to 0.20. Computed values of ACMR are compared with their acceptable values. Acceptable performance is achieved when the following relationships are satisfied:
where the subscript i refers to individual archetype and i ACMR is the average value of ACMR for each performance group. If the system proves to be incapable of accomplishing the required performance objectives, redefining the system becomes necessary. Redefining the system could be done by modifying the design requirements, re-characterizing the behavior, or redesigning with a new trial value of R factor. Afterwards, the new system is reevaluated using the aforementioned methodology.
New proposed framework for determining the SPFs
The following issues are raised when the FEMA P-695 methodology is used for evaluation of the seismic performance of diagrid structures:
1-In determining the ductility ratio μ using SPA, the ultimate displacement is taken as the roof displacement at the point of 20% of the maximum strength loss (0.8Vmax). Since, in a diagrid structure in which the brittle fracture is the most common failure mode, the collapse could happen at a displacement before the point of 0.8V max , the determination of ultimate displacement using an alternative method becomes appealing.
2-FEMA P-695 does not directly provide a method for determining the R-factor, but it validates the R factor used for design of models. It uses the SPA method for estimating μ and Ω 0 while IDA technique is applied for assessing the R factor validity. This procedure is based on the assumption that 100% of the effective seismic mass of the structural system participates in fundamental mode of vibration. However, in tall or special structures such as diagrid buildings the effective modal mass ratios for the higher modes could be noticeable.
As a result, the SPFs obtained from a pushover analysis may be highly inaccurate.
3-FEMA P-965 uses a set of 44 records for collapse assessment and validation of R factor. If the validity of the R factor used in the archetype design is not confirmed, then a new (lower) trial value of the R factor must be re-evaluated. Thus, the assessment process can be time consuming.
Considering the discussed issues, the following new framework is proposed for determination of the SPFs:
1-The archetype model is analyzed using the SPA method. The static pushover curve is plotted and the points corresponding to the V y , V max and ultimate displacement (δ u ) are determined.
2-
The limited number of ground motion records (at least 7 records) that is adequately matched with the design spectrum are selected from the FEMA P-695 Far-Field record set to perform the IDA.
3-
The incremental dynamic analysis is performed for developing the IDA and dynamic pushover envelopes (DPE) curves. For this purpose, the intensity of ground motion records are gradually increased until the occurrence of collapse of structural models. The maximum base shear force, the maximum roof displacement, the maximum inter-story drift and maximum spectral acceleration are calculated for each earthquake intensity. The IDA and DPE curves are obtained by plotting the spectral acceleration (S T ) versus maximum interstory drift ratios and the maximum base shear force versus the maximum roof displacement, respectively. This method of generating capacity curve (base shear force -roof displacement)
is named as the dynamic pushover analysis (DPA).
4-Using the IDA curves, the collapse capacity and ultimate roof displacement for the structural models are determined based on lateral dynamic instability, as proposed by Vamvatsikos and Cornell [27] . The ultimate roof displacement calculated with IDA method may exceed the one estimated using SPA method.
5-Seismic performance factors are computed using both the SPA and DPE curves. The average value of SPFs calculated with DPA is compared to the SPF estimated using SPA and the bigger R-factor is selected as the new updated R factor. For a tall or special building, the selection of R-factor based on DPA results is more rational.
6-The structural model is redesigned with the updated R factor and the validity of modified SPFs is evaluated using the FEMA P-695 procedure. The same ground motion records used for the performance assessment are those that were selected in stage 3.
The outline of proposed procedure for determining the SPFs is shown in Figure 3 .
Designing the structural archetypes and nonlinear models
To [28] . Hence, in this study, the beam-column connections considered to be moment resisting. The steel type used in the design process is ASTM A992 with f y = 50 ksi. The design dead and live loads considered to be 6.5 and 2.5 kN/m 2 , respectively. In order to maintain a uniform gravity-load distribution over 4 perimeter frames of the structure, the diaphragm of floors are considered to be two-way concrete slab. Seismic design forces and displacements are estimated using the equivalent lateral force method (ELF) and the response spectrum analysis (RSA) as specified in ASCE/SEI 7-10 [29] , and the LFRD method in AISC 360-10 [30] is used for their design. In this study, the diagrid structures are assumed to be located in a high seismic zone and the design spectral acceleration parameters are considered to be S D1 =0.6 g and S DS =1 g. These values are in complete agreement with the seismic design category (SDC) D max in the FEMA P-695 methodology. In order to design the models, a building site with soil type D, a seismic importance factor (I e ) of 1.0 and a Rayleigh damping matrix with 5% damping ratio for the first 2 modes, are employed. Initially, the response modification factor (R factor) is assumed to be 3 and would be iteratively updated in the proposed methodology and the re-designed structural systems will be re-evaluated based on FEMA P-695 methodology. The design of structural elements is carried out using ETABS [31] software, and the OpenSees program is used for nonlinear analyses and collapse evaluation. Table 1 shows the design base shear and the dynamic characteristics of the diagrid archetypes.
For preparing the diagrid models in the OpenSees program, each story mass is lumped at the floor's level and the floor diaphragm is considered to be rigid. A nonlinear beam-column element with fiber section considering distributed plasticity is utilized for modeling different members. The Menegotto-Pinto material model [32] with isotropic strain hardening of 2% is used to simulate the mechanical properties of the steel material. In this study, an approach suggested by Uriz et al. [33] is used for modeling the inelastic buckling behavior of the diagonal members. In order to include the effects of buckling and large deformation, a corotational formulation is used to model the inclined columns. Figure 6 18 inches seems to be related to the convergence issues of the utilized program.
Nonlinear analyses and derivation of R factor
The gravity loads for nonlinear analyses are given by the following load combination:
in which D and L are the dead and live loads, respectively. To perform the nonlinear SPA, a lateral load pattern corresponding to the fundamental mode shape and mass distribution of the structure is applied as the followings:
where F x , m x and ϕ 1,x are the story seismic force, the story mass and the ordinate of the fundamental mode at level x, respectively. To perform the IDAs, 7 earthquake records with adequate match with the design spectrum are selected from FEMA P-695 Far-Field record set. Table 2 shows the characteristics of selected ground motion records. The response spectra of the selected records and the design spectrum are depicted in Figure 8 . Table 3 . Using SPFs data obtained from DPE curves, the curves for the probability of exceedance are generated utilizing a cumulative distribution function defined by Eq. 12.
where F is the probability of exceedance corresponding to a seismic performance factor (SPF) equal to X,  is the normal cumulative distribution function and  and  are the mean and standard deviation of the SPF values, respectively. Figure 10 shows the probability of exceedance curves for seismic performance factors of the diagrid models. For mid-rise buildings (6-12 stories), the average value of R determined using SPA and DPA methods are 3.45 and 3.81, respectively. Although the R factor estimated using the SPA method is slightly conservative, the results of the two methods are consistent for mid-rise diagrid buildings. For the 24 story, tall building, the value of R factor calculated by the SPA method is significantly different from the one computed using the DPA method that could mainly be due to the effect of higher modes which is considerable in taller diagrids. The difference is more due to the changes in the over-strength factors than the ductility factors calculated using the two methods. Furthermore, the standard deviation of the R values computed with DPA method is very large for 24 story diagrid in comparison to the other archetypes. This can easily be seen from the probability of exceedance curves for R-factors.
The obtained results clearly indicates the need for more comprehensive studies before making a rational decision regarding the R factor of this archetype model. In that regard, and observing the importance of the utilized load pattern in the SPA approach, the effect of using other available load patterns in the SPA method as well as using more number of earthquake records in the DPA method on the SPFs of taller diagrid structures is examined next.
Further investigation of R-factor for 24-story diagrid model
As 
where, i  is determined through a combination of effective modes using the SRSS method as:
and (5) The lateral load distribution based on the combination of the effective modes according to the Direct Vectorial Addition (DVA) method, described by [35, 36] : Figure 11 illustrates the static pushover curves of the model for different load patterns.
The values of seismic performance factors estimated with SPA procedure are summarized in Table 4 for different load patterns.
For the load pattern types 4, 5, and 6, all the modes for which the sum of the effective modal masses is more than 90% of the total structural mass were considered as the effective modes.
The maximum R-factor of 4.3 was obtained for the load pattern defined by Eq. 16, in which the effect of higher modes is considered, and the minimum R-factor of 2.57 was found when the effect of higher modes is neglected (i.e., Eq. 11). Thus, as expected the higher modes have considerable effect on the response modification factor of the diagrid archetype.
In order to evaluate the effect of using more earthquake records on the outcome of the DPE approach, in addition to the 7 ground motion records considered previously, 37 new records were included. The properties of these ground motions are presented in Tables (A-4A)-(A-4D) of FEMA P-695. Figure 12 shows the DPE curves of 44 ground motion records. The values of SPFs are shown in Fig. 13 . The results exhibit the effects of earthquake frequency content on the response modification factor of the diagrid model. For the 24 story diagrid model, the median value of the R-factor calculated with DPA method is equal to 5.26 while its average value according to the SPA method is 3.49. Therefore, the results obtained using the SPA method are conservative. Given the results determined for the 24 story archetype and other models, considering a R-factor equal to 4 can be rational. Figure 14 compares the probability of exceedance curve obtained using the 7 records selected in section 6 with the one generated from 44 earthquake records utilized in this section. It can be seen that the curves are nearly identical.
Performance evaluation
Using the IDA technique, the collapse ground motion intensity of archetypes under the effect of each record is obtained using the dynamic instability criteria. The median collapse acceleration ( CT S ) and the collapse margin ratio (CMR) are determined using both the 44 records provided in FEMA P-695 and the 7 records selected in new proposed method. These values are summarized in Table 5 . Using collapse data extracted from the IDA results, the collapse fragility curve is obtained for each model. The collapse fragility curve, which expresses the probability of collapse as a function of ground motion intensity, is attained by fitting a lognormal cumulative distribution function to the collapse data as follows [37]:
is the probability of collapse corresponding to a spectral intensity (S  T ) equal to x, Φ is the normal cumulative distribution function and μ and β are the median and the standard deviation of T Ln( S ) . Figure 15 compares the collapse fragility curve generated using the 44 records of FEMA P-695 with the one obtained using the selected 7 records.
Results confirm the applicability of the proposed methodology for evaluating seismic performance of diagrid buildings. The seismic performance of diagrid structural models are evaluated based on the methodology proposed in FEMA P-695 by using the 44 ground motion records provided in FEMA P-695 and the 7 ground motion records selected for this study. In that regard, besides the estimation of the ACMR by Eq. 3, the total system collapse uncertainty (β TOT ) is also needed. To calculate β TOT , the quality grade for design requirements and index archetype models for the steel diagrid systems are rated good. Moreover, the quality of test data is considered to be poor because there are not enough test data to assess the seismic capacity of these systems. The values of ACMR and β TOT for diagrid models are summarized in Table 5 . The acceptable ACMR is determined based on the total system collapse uncertainty and the acceptable conditional probability of collapse under the MCE ground motions, taken as 10% and 20% for each performance group and each index archetype, respectively.
Performance evaluation results for steel diagrid archetypes are summarized in Table 5 for both the 44 proposed records in FEMA P-695, as well as the selected 7 records in this study.
The results show that all diagrid models have sufficient safety against the collapse at the MCE level earthquakes. Therefore, the validity of seismic performance factors is confirmed for steel structural diagrid models.
Conclusions
This study attempts to propose a new, simpler, yet reliable methodology for estimating the seismic performance factors of steel diagrid structural systems while applying the framework of FEMA P-695 for assessing the validity of SPFs. In the proposed procedure, in addition to the conventional nonlinear static analysis, a probabilistic method based on IDA technique is also employed for evaluation of the employed SPFs. Also, a limited number of earthquake records would suffice in the final step of seismic performance evaluation in comparison to the 44 ground motion records of FEMA P-695. The results of the current study can be summarized as the followings: 2-The effect of higher modes and ground motions' frequency content on the response modification factor of the tall diagrid model is significant. The use of first mode load pattern prescribed in FEMA P-695 to perform the static pushover analysis gives unreasonable (over conservative) values of R-factor for 24-story tall archetype, while the lateral load patterns that take into account the effects of higher modes, present results closer to those obtained from the probability-based DPA method.
3-The preliminary results for diagrid structural system show that the use of probability-based DPA method can be suitable for determining the used SPFs. Although the use of more earthquake records can increase the accuracy of results in this approach, it will prolong the evaluation process. In the proposed framework, a limited number of earthquake records were selected using a method described in the previous sections, and these records were used for the overall assessment of SPFs. For the considered diagrid models, the proposed framework has an acceptable performance in determining the initial R-factor. Also, there is an average error of 6.5% in predicting the collapse capacity of diagrids in comparison to the collapse intensity calculated using the FEMA P-695 far-field record set. Although the observed error is relatively low, further studies are needed on the feasibility of using the proposed method for assessing the seismic performance factors of other structural systems. In addition, it is possible to use a limited number of earthquake records in the early stage of evaluation, i.e., for determining the initial R-factor, and increasing the number of earthquake records in the final stage for assessing the validity of R-factor. Tables   Table 1. Design base shear force and the modal properties of diagrid models Table 2 . Earthquake record information Table 3 . The computed seismic performance factors for the diagrid models 
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